The effects of oleic acid on the activities of cytosolic HMG-CoA (3-hydroxy-3-methylglutaryl-CoA) synthase,.AcAc-CoA (acetoacetyl-CoA) thiolase and AcAc-CoA synthetase, as well as microsomal HMGCoA reductase, all enzymes in the pathway of cholesterol biosynthesis, were studied in the isolated perfused rat liver. Oleic acid bound to bovine serum albumin, or albumin alone, was infused for 4 h at a rate sufficient to sustain an average concentration of 0.61 + 0.05 mm fatty acid during the perfusion. Hepatic cytosol and microsomal fractions were isolated at the termination of the perfusion. Oleic acid simultaneously increased the activities of the cytosolic cholesterol-biosynthetic enzymes 1.4-2.7-fold in livers from normal fed rats and from animals fasted for 24 h. These effects were accompanied by increased net secretion by the liver of cholesterol and triacylglycerol in the very-low-density lipoprotein (VLDL). We confirmed the observations reported previously from this laboratory of the stimulation by oleic acid of microsomal HMG-CoA reductase. In cytosols from perfused livers, the increase in AcAc-CoA thiolase activity was characterized by an increase in Vm.ax without any change in the apparent Km of the enzyme for AcAc-CoA. In contrast, oleic acid decreased the Km of HMG-CoA synthase for Ac-CoA, without alteration of the Vm.. of the enzyme.
INTRODUCTION
It has been reported previously by our laboratory [1] [2] [3] [4] [5] and others [6, 7] that fatty acids stimulate the synthesis and secretion of the very-low-density lipoprotein (VLDL) lipids (triacylglycerol, phospholipids, cholesterol and cholesterol esters) by the isolated perfused rat liver. The increased secretion of cholesterol resulting from addition of fatty acid to the perfusion medium was accompanied by increased incorporation of 3H2O into cholesterol and stimulation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase (EC 1.1.1.34) in microsomal fractions isolated from these perfused livers [8, 9] . Although HMG-CoA reductase is considered to be the rate-limiting enzyme in the biogenesis of cholesterol under most circumstances [10] [11] [12] [13] , it has been reported that, under some conditions, the overall rate of cholesterol synthesis may be limited by the rate of generation of HMG-CoA substrate [14] [15] [16] . The regulation of the enzymic steps that precede HMG-CoA reductase may therefore be of importance in determination of the rate of cholesterogenesis. AcetoacetylCoA (AcAc-CoA) thiolase (EC 2.3.1.9) and HMG-CoA synthase (EC 4.1.3.5), acting in sequence, generate HMG-CoA in the cytoplasm for hepatic cholesterol biosynthesis [17, 18] . AcAc-CoA may also be generated by the action of AcAc-CoA synthetase (EC 6.2.1.16). This enzyme enables the liver to use acetoacetate for lipogenesis [19] , but can also, along with thiolase, contribute to the cytosolic pool of AcAc-CoA available for conversion into HMG-CoA [20] [21] [22] . The activities of these enzymes have been reported to be co-ordinately regulated under various physiological conditions. Cytoplasmic AcAc-CoA thiolase, AcAc-CoA synthetase and HMG-CoA synthase are suppressed, along with HMG-CoA reductase, by dietary cholesterol or fasting [18, 21] , conditions that decrease the rate of hepatic cholesterogenesis. The activities of AcAc-CoA thiolase and HMG-CoA synthase are also depressed by exogenous sterol in cultured fibroblasts [23] . Conversely, these enzymes are activated, along with HMG-CoA reductase, by inclusion of cholestyramine and/or lovastatin in the diet, presumably by depletion of a metabolic pool of cholesterol in the liver [21, 24] . Lovastatin has also been shown to induce AcAc-CoA thiolase and HMG-CoA synthase, as well as HMG-CoA reductase, in a fibroblast cell line [25] .
We now report that oleic acid, in addition to stimulating HMG-CoA reductase activity in the perfused rat liver [8, 9] , augments the activity of AcAc-CoA thiolase, AcAc-CoA synthetase and HMG-CoA synthase. We suggest that the action of fatty acids to stimulate the activities of these enzymes is a primary consequence of depletion of a hepatic pool of cholesterol required for the secretion of VLDL triacylglycerol [26] . Depletion of this pool of cholesterol may release the feedback inhibition of these enzymes. Preliminary results of this study have been reported [27, 28] . Animals were anaesthetized by intraperitoneal injection of pentobarbitol (60 mg/kg) between 09:00 and 11:00 h. Livers were removed surgically and perfused in a recycling system [29] with a medium and conditions as described previously [30] , except that bovine serum albumin was 6 g/dl in our original buffer containing the infusate fatty acid complex. The initial volume was 80 ml, and the haematocrit was 300. A complex of oleic acid was prepared with lipid-free bovine serum albumin, purified as described previously [4] . After a 20 min period of equilibration, a fatty acid-albumin complex (6 g of albumin/dl, 1410 ,umol of oleic acid/dl) was infused at a rate of 166 1tmol/h (11.7 ml/h), which sustained an average concentration in the erythrocyte-free perfusate of 0.61 + 0.05 mm (n = 13). In control experiments, the same concentration of albumin without fatty acid was infused. At the end of a 4 h perfusion period, samples of liver were removed for analysis of lipids and enzyme activity. VLDL lipoprotein was isolated from the perfusate by ultracentrifugation [4] , and secretion of VLDL triacylglycerol and cholesterol was determined as reported previously [31, 32] . [36] . Cytoplasmic and microsomal protein was determined by the method of Lowry et al. [37] . AcAc-CoA and acetyl-CoA were prepared as previously described [38] . Citrate synthase was assayed in both crude liver homogenate and cytosol (144000 g supernatant) by the method of Coore et al. [39] . Reagents (17) 0.077 + 0.006* (1 1) 0.027+0.009 (9) 0.064+0.016* ( oleic acid increased the Vmax of AcAc-CoA synthetase (Fig 1 c, (Table 4) . Moreover, when oleoylCoA (100 /LM) was added to the cytosolic preparations of the enzymes in vitro before assay, no stimulatory effects on the activities of AcAc-CoA thiolase, AcAc-CoA synthetase or HMG-CoA synthase were observed (results not shown).
EXPERIMENTAL
To assess possible contamination of the 144000 g supernatant with the mitochondrial forms of AcAc-CoA thiolase or HMG-CoA synthase [24, 35] we measured the activity of a mitochondrial marker enzyme, citrate synthase, in livers perfused with or without oleic acid. In both groups, citrate synthase in the cytosol was about 5 % of the total activity in the crude homogenate (5.6 + 1.4 and 5.2 + 1.2% for oleate and control groups respectively; n = 3 in each group). On the basis of these measurements of the activity of citrate synthase, it does not appear that activities of cytosolic AcAc-CoA thiolase or HMG-CoA synthase were disturbed significantly by leakage of the mitochondrial forms of these enzymes. However, some investigators have reported that citrate synthase can associate with the mitochondrial inner membrane [42] .
DISCUSSION
To the best of our knowledge, fatty acids are the only physiological substrates known to stimulate hepatic synthesis and secretion of cholesterol [1, 7] . Although the mechanism by which this stimulation is affected is not known, it has been suggested by the work of our laboratory that the enhanced synthesis of cholesterol may be an indirect consequence of depletion of a metabolic pool of cholesterol required for the transport of triacylglycerol in the VLDL [43, 44] . If cholesterol depletion is the immediate cause of increased rates of cholesterol biogenesis and of increased HMG-CoA reductase activity, it might be expected that the increased activity of this enzyme would also be accompanied by increased activity of cytosolic AcAc-CoA synthetase, AcAc-CoA thiolase and HMG-CoA synthase, since these enzymes are all activated by treatment with cholestyramine and lovastatin [21, 24, 45] , drugs presumed to act by depletion of hepatic cholesterol.
Other laboratories have shown that short-term perfusion of liver with fatty acids [46] or incubation for 1 h of hepatocytes with oleic acid [22] [22] , cholesterol synthesis and HMG-CoA reductase activity were both increased after 4 h of exposure to the fatty acid. In the work reported here, livers were perfused for 4 h with or without 0.6 mMoleic acid. This concentration is within the normal range for plasma non-esterified fatty acids [4] . Oleate was reported in a previous study to be more effective than either palmitate or linoleate in stimulating hepatic HMG-CoA reductase activity [2, 4] , although the molar ratio of hepatic output of cholesterol/triacylglycerol was in the order palmitate > oleate > linoleate.
As shown in Table 4 . Effects of oleic acid and bovine serum albumin on activities of cytosolic AcAc-CoA thiolase and HMG-CoA synthase, and on microsomal HMG-CoA reductase
Livers from fed rats were perfused for 4 h with infusion of bovine serum albumin alone, to serve as controls. The hepatic cytosol or microsomal fractions were then isolated, and enzyme activities were assayed to establish baseline activities (A). HMG-CoA reductase was assayed in the presence of NaF (50 mM Table 3 and Fig. 1 It is certainly possible that augmentation of cholesterol synthesis and of individual enzymes of the cholesterolbiosynthetic pathway by oleic acid is not due to depletion of an intrahepatic pool of cholesterol, but is a response to some other signal generated by the fatty acid.
The mechanism(s) by which oleic acid (and perhaps other fatty acids) affects the activities of these enzymes of cholesterol biosynthesis require investigation. It is our conviction that cholesterol is required for the secretion of the VLDL, a process stimulated by fatty acids [26] . The requirement for cholesterol in the surface coat of the VLDL may be the physiological basis for the stimulation by fatty acids of secretion and synthesis of cholesterol. Removal of free cholesterol from a putative hepatic metabolic pool in the process of formation and secretion of the VLDL may decrease the inhibitory signal on cholesterol biosynthesis.
